Introduction 32 33
Understanding the seasonal pattern of fine-root dynamics is crucial for estimating 34 fine-root turnover, productivity and carbon cycling in forest ecosystems (Hendrick and 35 Pregitzer 1993; Gill and Jackson 2000) . Previous studies, however, have revealed 36 contradictory results regarding these seasonal patterns and controlling factors due to 37 differences in climate and species between sites (Tierney et al. 2003) . Root production 38 reached its maximum in mid -late summer in boreal and cool-temperate forests where 39 water did not limit production (Steele et al. 1997; Tierney et al. 2003; Fukuzawa et al. 40 2007), but it reached its maximum in spring or early summer and decreased during the 41 subsequent summer in temperate forests that experience intense drought during late 42 summer (Lyr and Hoffman 1967; Teskey and Hinckley 1981; Hendrick and Pregitzer 43 1997; Joslin et al. 2001) . A number of exogenous and endogenous factors control the 44 seasonality of fine-root production. Exogenous factors include soil temperature, as 45 reported from a northern cool-temperate and boreal forest (Steele et al. 1997; Tierney et 46 al. 2003) , and endogenous factors relate to carbohydrates from leaves, as reported from 47 a temperate forest (Reich et al. 1980; Joslin et al. 2001) . Determining the factor 48 controlling fine-root dynamics (exogenous or endogenous) is difficult because 49 endogenous phenological cues would be expected to maximize root growth when 50 climate is normally favorable (Tierney et al. 2003) . However, Kozlowski and Pallardy 51 (1997) reported the different pattern of fine-root production between species under 52 4 similar conditions, supporting the importance of endogenous factor (species-specific 53 phenology). In mixed forests, it is necessary to evaluate the root growth pattern of each 54 group (or species) for precise evaluation and prediction of fine-root production and 55 turnover. 56
Cool-temperate forests in Japan are characterized by dense understory vegetation, 57 such as dwarf bamboo (Sasa spp.) (Oshima, 1961) . Fukuzawa et al. (2007) reported that 58 fine-root biomass (< 2mm in diameter) of Sasa is greater than that of tree species by 59 71% of the whole fine-roots in a cool-temperate forest in northern Japan. They also 60 reported that fine-root production was concentrated in the growing season, especially in 61
August, as reported in other boreal or cool-temperate forests without severe drought 62 (e.g., Tierney et al. 2003) . However, they pointed out that not only soil temperature but 63 also leaf phenology of Sasa exerted a strong influence on the increases in fine-roots in 64 late summer because the temporal pattern of root production was synchronized with leaf 65 area index of Sasa. Lei and Koike (1998) reported that shade shoots of Sasa emerged 66 from August and the photosynthetic rate was high in autumn when tree leaf senescence 67 had occurred. However, the proportional contribution of this understory vegetation to 68 the whole fine-root dynamics according season in forest ecosystems is not well 69 understood. Identifying fine-roots of each species in the field study using minirhizotron 70 image analysis is difficult. 71
The objectives of this study were (1) to clarify whether the patterns of root production 72 of Japanese oak seedlings and Sasa differ, by observing roots planted separately in the 73 rhizoboxes under similar environmental conditions; and (2) to identify the relationship 74 of root production, soil temperature and leaf production in each species. Japanese oak 75 (Quercus crispula) is one of the major deciduous tree species in cool-temperate forests 76 5 in Japan. We hypothesized that temporal pattern of root production would be influenced 77 by seasonality of leaf production of each species, in addition to climatic factors such as 78 The total (aboveground + belowground) respiration and assimilation rate of Sasa was 120 measured every 1 to 3 weeks from July to December 2008 and in January and March 121 2009 in a closed dynamic chamber system consisting of an infrared CO 2 analyzer 122 (LI-820, LI-COR, Lincoln, NE, USA) without replication (Fig. 1) . Net ecosystem CO 27 exchange (NEE) was measured under a transparent lid, and total ecosystem respiration 124 rate under a black lid (dark). Whole Sasa including canopy, rhizomes, and roots and 125 sand in rhizobox were considered as a small ecosystem. In this measurement, we 126 expressed respiration (CO 2 flow from vegetation to atmosphere) and assimilation (from 127 atmosphere to vegetation) as positive and negative values, respectively. When NEE is 128 negative value, gross canopy photosynthesis is larger than total respiration. Gross 129 canopy photosynthesis was calculated by adding total ecosystem respiration to minus 130 value of NEE at each measurement time. Microbial respiration in the rhizobox filled 131 with sand in a no-plant treatment was also measured to confirm that CO 2 efflux from 132 sand in the rhizobox is low. We used the database of hourly solar duration during 12:00 133 -13:00 (h/h) measured at the point several kilo-meters far from our study point in 134
Kyoto city (Japan Meteorological Agency). Root production by Japanese oak showed a unimodal peak in July, whereas that of Sasa 148 had a bimodal peak (July and October) (Fig. 2) . Japanese oak roots were white-colored 149 just at a time when they emerged and turned brown in a week, while Sasa roots were 150 white at any time. Cumulative frequencies of root length less than 0.5 and 1.0 mm in 151 diameter in Japanese oak and Sasa were 59 and 93%, 43 and 97%, respectively, 152 indicating that most of roots were less than 1 mm in diameter. The minimum and 153 maximum daily mean soil temperatures were 1.4 °C in January and 32.0 °C in July, 154 respectively, and root production showed a significant relationship with soil temperature 155 (Japanese oak R = 0.81, P < 0.001; Sasa R = 0.73, P < 0.01; Fig. 3) . 156
The pattern of leaf expansion was also different between the two species. Sasa leaves 157 expanded mainly in August and September and continued until October, while the leaf 158 area of Japanese oak remained constant from June to October (Japanese oak leaves 159 senesce after October; Fig. 4) . The gross canopy photosynthesis of Sasa was highest in 160 September (Fig. 5) . Hourly solar duration was high in 25 July, 13 November, 16 January 161 Root production of Japanese oak seedlings was highest in July, corresponding to the 167 seasonal pattern of soil temperature and had a significant positive relationship with soil 168 temperature (Figs. 2, 3) , indicating that soil temperature is a controlling factor in 169 fine-root production, as reported in cool-temperate and boreal forests (Steele et al. 1997 ; 170 peaked in early summer in a white oak-chestnut oak temperate forest that experienced a 172 severe drought by -2.5MPa in late summer, and they suggested 'phenological 173 programming' that is the strategy to maximize root growth under a favorable condition. 174
Our study area is in a temperate zone and temperatures in mid-summer are high; 175 however, the plants in our study received water throughout the year, which may be a 176 reason for the difference in peak times with Joslin et al. (2001) . 177
Root production of Sasa also had a significant positive relationship with soil 178 temperature (Figs. 3) , however, the bimodal pattern of root production of Sasa suggests 179 that endogenous factors control the pattern of root production (Fig. 2) . Root production 180 of Sasa increased in October when soil temperature was below their maximum. Leaf 181 expansion in tree species delays the peak of root production, because the carbohydrate 182 supply is directed to the newly forming leaves rather than to the development of fine 183 roots, and then new carbohydrate that synthesized in new leaves is transferred to 184 below-ground for development of fine-roots (Lyr and Hoffman 1967) . Reich et al. 185 (1980) reported that the timing of fine-root expansion and leaf expansion is 186 desynchronized because of competition between roots and shoots for carbohydrates. 187
Leaf expansion of Sasa increased after August (Fig. 4) , corresponding to the results of 188 Lei and Koike (1998) , who reported the active photosynthetic rate per leaf area in 189 autumn. Gross canopy photosynthesis of Sasa was highest in September despite 190 appropriate light condition in July and early August ( 
